Formation of large-area GaN nanostructures with controlled geometry and morphology using top-down fabrication scheme J. Vac. Sci. Technol. B 30, 052202 (2012) Resist-substrate interface tailoring for generating high-density arrays of The authors describe a photolithographic scheme based on the replication of a periodic transparent mask in a photoresist utilizing the coherent self-imaging Talbot effect. A periodic two-dimensional diffractive structure (or Talbot mask) composed of unit tiles distributed in a square matrix was illuminated by a coherent extreme ultraviolet (EUV) beam from a table top EUV laser. The illumination beam was reflected in a spherical mirror and the Talbot mask was placed in the path of the convergent beam. At designed locations determined by the Talbot distance, reduced replicas of the mask were obtained and used to print the slightly de-magnified copies of the mask on the surface of a photoresist. Experimental results showing the de-magnification effect are in good agreement with the diffraction theory. The limits of the technique are discussed.
I. INTRODUCTION
In recent years, novel applications of nano-structures that are now impacting many fields have been demonstrated. Of particular interest are the periodic structures with nanometer dimensions replicated over large areas, that allowed the implementation of unique devices such as stimulated surface Raman scattering detectors, plasmonic structures capable to focus light beyond the diffraction limit or "superlenses," novel approaches to nano-lithography based on plasmon interference, etc. [1] [2] [3] [4] The rapid advancement of nanotechnology that has allowed the practical demonstration of these new devices and techniques, along with the development of new applications made possible by nanostructures will be favored by easy access to a versatile method used to produce such nano-structures in a cost effective manner.
We have previously reported the feasibility of generating periodic nano-structures of arbitrary design arranged in a two-dimensional structure on the surface of a photoresist by a photolithographic method based on self-imaging using a table top EUV laser. 5 A similar approach was recently used by Zanke et al. to print large areas of periodic circular holes in a hexagonal lattice in what was reported as coherent diffraction lithography. 6 The approach allows the fabrication of periodic nanostructures patterned in the photoresist by the exact replication of a diffractive transparent mask produced by the coherent self-imaging effect also known as the Talbot effect. 7 In our former experiment we extended the original concept of the Talbot effect to arbitrary diffractive units (or tiles) that we referred to as generalized Talbot imaging. 5 In this work we demonstrate that it is possible to replicate and simultaneously scale the size of the printed nanostructure by adequately illuminating the diffractive mask with a convergent coherent beam. The de-magnification is a consequence of the extra phase introduced in the illuminating beam by the reflection on a spherical mirror. It depends on the optics used and the geometry of the setup. A theoretical description of the self-imaging effect and the de-magnification factor is provided based on the Kirchhoff-Fresnel formalism. The limitations for this method are further discussed.
The experimental setup is schematically shown in Fig. 1 . It is composed of a concave multilayered mirror with the peak reflectivity centered at 46.9 nm, for an incidence angle of 18 and a focal length of f ¼ 25 cm. The Talbot mask is placed at a distance, s, from the mirror in the path of the converging beam. The distance between the focal plane, F, and the Talbot planes where the samples to be printed are placed is denoted as z.
The Talbot effect that produces the self-imaging of periodic structures can be explained using the Kirchhoff-Fresnel diffraction theory. To simplify the formalism, let us consider the simple case of a one-dimensional structure. Let T(x) be the onedimensional transmission function of a periodic object with a period, p, such that T(x) ¼ T(x þ p). The transmission function can be expressed in terms of its Fourier series as
where C m is the amplitude of the mth Fourier component. After the reflection in the spherical mirror, the wave-front acquires an extra phase given by
where x and x 0 are the coordinates in the mirror's plane and in the mask's plane, respectively, and f is the mirror's focal distance.
Assuming a plane wave illumination with unitary amplitude, the transmitted optical field, U T , after the mask will be,
where
The transmitted optical field can be calculated by solving Eq. (3). Replacing the expressions from Eqs. (1) and (2), the transmitted field will be proportional to,
The original transmission function, T(x), is reproduced when the last term in (4) is equal to 1, with a scale factor given by
The locations of the Talbot planes will be given by the condition,
where m is an integer number. A Talbot image with a demagnification, d, will be obtained at distances, d, given by
At these distances, the Talbot image will have a period p 0 given by
For this experiment we used the Talbot mask which was described in more detail in Ref. Fig. 2 .
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, yielding a coherence length of approximately 840 lm. The spatial coherence length of the beam improves with longer capillaries reaching a fully spatially coherent illumination for the 36 cm capillary. In this experiment it was calculated to be 740 lm at the distance where the exposure took place.
The EUV laser impinges a spherical multilayer mirror that focuses the beam and simultaneously spectrally filters the EUV plasma background. The mirror has a reflectivity of approximately 40%, optimized at an incidence angle of 18 . After the mirror, the Talbot mask and the sample coated with photoresist were placed in a translation stage which allows for moving the set mask-sample along the path of the converging beam. The distance between the Talbot mask and the sample was adjusted for the first Talbot plane, in this case 960 lm. The sample was a 0.5 mm thick silicon wafer covered with a 100 nm thick layer of poly-methyl-methacrylate photoresist deposited by spin coating. The recording of the photoresist required an exposure of approximately 300 shots. The laser was set to operate at 1 Hz, yielding an exposure time of 5 min in order to record one image. This time can be reduced if the laser is operated at a higher repetition rate, at a maximum of 4 Hz. After exposure, the samples were developed in a mixture of methyl-isobuthyl-ketone and isopropanol for 1 min. Subsequently, they were rinsed with pure isopropanol and dried using ultra high purity nitrogen.
The developed samples were scanned using an atomic force microscope. Figure 3 The scan size of all images is 20 Â 20 lm 2 . From the images, the period of the structures was measured to be p
The discrepancy between the measured and calculated de-magnification values may stem from two facts. One of them being the measurement error of the s distance, that in our set up was estimated to be (1 mm), while the other is due to the variation in the effective focal length of the mirror due to the natural divergence of the illumination beam ($5 mrad). Considering these two factors, the calculated and measured values are within the experimental errors.
The dependence of the de-magnification with the distance from the mirror is governed by expression (7) and changes very rapidly when approaching the focal plane. This dependence is shown in Fig. 4 , where the de-magnification factor p 0 /p is plotted as a function of the normalized distance from the mirror, s/f. The solid curve is the analytical expression of the de-magnification as a function of the mirror-mask distance, s, normalized to the focal distance, f. The circles are the actual data points. The graph shows that the demagnification changes very little throughout almost all of the range, s, and only close to the focus (s/f ¼ 1), does the dependence becomes more pronounced.
One limiting factor for this method is the spherical aberration introduced by the mirror that produces slightly different focal distance values for the tangential and sagittal directions. This is clear in the prints obtained, which showed a slightly different period in the two directions indicating an astigmatic image. This problem can be solved by replacing the spherical mirror by an off-axis parabolic mirror or, alternatively, designing the Talbot mask with the appropriate correction for the spherical aberration.
The main limitation on setting a large value of the demagnification factor arises from its strong dependence with the distance when the Talbot plane is located close to the focal plane. We may assume that to have a clear print the mask should be positioned within the depth of focus (DOF) which is typically a few microns. Even for this small distance, close to the focal plane the de-magnification factor variation is so strong that the print is degraded. We can see this effect if we consider that the error in determining the demagnification factor is given by Dd ¼ z T Z 2 ðDOFÞ; where the depth of focus is DOF ¼ k½ð1 þ 2p 2 =kWÞ 2 , W is the size of the mask, and Z is the distance from the mask to the focal plane. The error in positioning the mask diverges when reaching the focal plane. It is thus not possible to set large demagnification factors and this method is only restricted to modest de-magnification values.
II. SUMMARY
In summary, we have analyzed the effect that a convergent beam illumination has on the size of the printed features utilizing Talbot lithography. The de-magnification effect becomes apparent when the sample is located close to the focal plane of the focusing mirror. In the vicinity of the focal plane the de-magnification factor changes very fast with the distance, and the error in determining its value with respect to the distance from the mask to the focal plane diverges, limiting the range that can practically be achieved. This method utilizes a periodic mask and focusing optics, which makes the setup relatively simple to implement at EUV wavelengths. It is noncontact, high fidelity, and capable of printing over relatively large areas with high resolution. 
